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AB ST RACT 
A cell-volume-sensing instrument has been 
built which employs the principle used in the 
Coulter Counter' in which a cell changes the 
impedance of a narrow orifice as it passes 
through the orifice. An improved transducer 
utilizes a co-axial flow of the cell suspension 
inside a sheath of cell-free solution through the 
orifice, thereby avoiding some drawbacks of 
earl ier systems. The instrument i s  described, and 
the procedure necessary to achieve acceptable 
operation is discussed. The output for normal 
human red blood cells is nearly symmetrical with ' 
a narrow peak. Abnormal blood samples show 
various departures froni symmetry and narrowness 
of peak. The - output of this instrument i s  
compared with that from a commercially available 
Instrument, and our data shows a more accurate 
representation of the actual distribution of 
blood volumes. The resolution of this instrument 
i s  .such that it could be o f  significant value in 
a clinical laboratory. 
INTRODUCTION 
We have built an instrument which senses the 
volume of individual biological cells and plots a 
distribution of numbers of’ cells as a function of 
volume. The design is based on the original Coulter 
instrument but has significant improvements in the 
transducer. As in the Coulter Counter, two electrically 
insulated chambers filled with a’ conductive solution 
are connected by a very narrow orifice through which a 
cell suspension passes. A current source establishes an 
electrical potential across the orifice such that as a 
cell passes through the orifice, it causes a pulse 
change in the impedance of the circuit. The amplitude 
of this pulse is a function of the volume of the cell. 
Over one hundred thousand cells per minute can be 
passed through the orifice sequentially to produce a 
<- 
volume distribution of the suspension. 
The transducer has been improved by injecting the 
cell suspension such that it flows along the axis of 
the transducer orifice, surrounded by an outer, 
cell-free solution, similar to the systems of 
Crosland-Tayloj!, Mu1 laney et aL3, and Thorn et d4.  The 
inner and outer streams are the same buffered saline 
solution, except that the inner stream contains 1 part 
whole blood to 4,000 parts diluent. With proper 
adjustment of pressures and rates of flow, the two 
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flows remain co-axial as they pass through the orifice, 
thereby subjecting each cell to essentially the same 
field in the center of the orifice. This central flow 
results in a more accurate determination of cell 
volumes since edge-effects of the orifice are avoided. 
5 Lief has published an excellent critical survey 
of many papers dealing with this sort of impedance 
sensing, showing that some modification o f  the standard 
Coulter orifice is required to give more artifact-free 
distributions. Lushbaugh and co-workers have produced 
and have obtained volume distributions of cells 
bimodal 8 y 9  distributions for human red blood 
6,7,8,9 
cells . This finding has since been shown to be an 
artifact of high current density by Kubitschek" and 
11 , 12,13 
Van Dilla K t  ~IJ . Van Dilla, using a Coulter 
_- 
orifice, showed that red blood cells possess a unimodal 
distribution slightly skewed to larger volumes. Data 
furnished by Bull l4 and Bahr and Zeitler l5 indicate 
that the "true" volume distribution of red blood cells, 
erythrocytes, is close to being symmetrical and nearly 
Gaussian, unlike the more skewed curves of other 
authors. Thorn .et. d 4  investigated the electrical 
characteristics of the Coulter orifice an'd, using a 
co-axial f l o w  system, demonstrated an increased 
resolution i n  sizing red b l o o d  cells. The studies of 
Bu1114 and Thorn - -  et a14 have indicated in several ways 
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which existing volume-sensing instruments could be 
improved. We have incorporated such improvements into 
this system, and the output conforms well to a narrow, 
nearly symmetrical Gaussian distribution for normal 
erythrocytes. Atypical samples of blood have been 
analyzed, and their volume distrihutions show 
significant differences from normal. This impedance 
analyzer could have many clinical and research 
applications where the parameters of interest are 
related to the different volumes o f  various cell 
popul at i ons . 
D E S C R  1 PTI ON OF THE I NSTRUMENT 
The construction of  the apparatus is shown in 
Figures 1 and 2. Two reservoirs, one containing the 
cell suspension, the other containing the outer flow 
solution, are pressurized to about ten pounds per 
square inch. Fine adjustment of the pressures, so a5 to 
insure co-axial flow and the desired cell f l o w  rate, is 
accomplished by raising or lowering the reservoirs with 
respect to each other. As little as one-half inch o f  
additional head pressure greatly affects the cell flow 
rate. The pressure forces the two fluids through 
polyethylene tubing, the cell suspension a l s o  through a 
400-mesh, stainless steel filter (average pore size 30 
U, and into the head (See Fig, 2 ) .  
The lucite head i s  divided into an upper chamber 
. .  
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and a lower  chamber which a r e  connected by t h e  upper 
o r i f i c e  assembly i n  which t h e  c e l l s  a r e  measured. The 
lower  o r i f i c e  assembly keeps t h e  lower  chamber 
f l u i d - f i l l e d  and r e l a t i v e l y  b u b b l e - f r e e .  Both o r i f i c e  
assembl ies c o n s i s t  o f  a Kel-F p l a s t i c  h o l d e r  and a ruby  
j e w e l  1 . 2  mrn i n  d iamete r  and 0.25 mm t h i c k  w i t h  a h o l e  
i n  i t s  c e n t e r  60 LI i n 4 d i a m e t e r  and 1 0 0  1-1 long. Th is  
j e w e l  i s  commerc ia l l y  a v a i l a b l e  f rom j e w e l e r s  o r  watch 
r e p a i r  shops. The lower chamber has f o u r  q u a r t z  windows 
which a l l o w  t h e  exper imenter  t o  check f o r  d i r t  o r  
bubbles which would g i v e  f a l s e  data.  These windows a l s o  
p e r m i t  examina t ion  o f  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  
c e l l s ,  i f  d e s i r e d .  Exhaust duc ts  connected t o  each 
window a l l o w  t h e  system t o  he f l u s h e d  w i t h  t h e  o u t e r  
f l o w  s o l u t i o n  i f  problems develop. The two o r i f i c e  
assembl ies can b e  removed f o r  c l e a n i n g .  
The o u t e r  f l o w  s o l u t i o n  e n t e r s  t h e  upper chamber 
th rough  two channels on o p p o s i t e  s i d e s  of  t h e  c e n t r a l  
g l a s s  nozz le .  The g l a s s  nozzle,  w i t h  a t i p  i n s i d e  
d iameter  o f  about 12511 , i n j e c t s  t h e  c e l l  suspension 
i n t o  t h e  c e n t e r  o f  t h e  stream. The double s t ream 
remains c o - a x i a l  as i t  passes th rough  t h e  upper 
~I 
o r i f i c e ,  where t h e  Reynolds number i s  about 500,  
c rosses  t h e  lower  chamber, and exhausts th rough  t h e  
lower  o r i f i c e .  The f l o w  r a t e  f o r  t h e  o u t e r  s t ream i s  
a p p r o x i m a t e l y  0 .025 ml/sec, and t h e  r a t e  f o r  t h e  i n n e r  
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s t ream i s  about a t e n t h  as much. 
E l e c t r i c a l  c o n t a c t  t o  t h e  upper chamber i s  made a t  
t h e  s t a i n l e s s  s t e e l  tube th rough which t h e  o u t e r  f l o w  
s o l u t i o n  e n t e r s  t h e  head. The lower  chamber i s  grounded 
by a p l a t i n u m  e l e c t r o d e  which makes c o n t a c t  w i t h  t h e  
s o l u t i o n .  A DC c u r r e n t  source i s  a p p l i e d  t o  t h e  c i r c u i t  
u s i n g  a h i g h  v o l t a g e  supp ly  and a h i g h  s e r i e s  
r e s i s t a n c e  t o  p r o v i d e  e s s e n t i a l l y  c o n s t a n t  c u r r e n t  so 
t h a t  a s i g n a l ,  p r o p o r t i o n a l  t o  t h e  change i n  
res i s tance ,  i s  generated as c e l l s  pass th rough t h e  
upper o r i f i c e .  The s i g n a l  i s  AC a m p l i f i e d  and f e d  i n t o  
a Nuc lear  Data Amp1 i f i e r - P e a k  Follower'', which samples 
t h e  r e l a t i v e l y  wide pu lses  produced by t h e  c e l l s  and 
p u t s  o u t  v e r y  narrow, u n i f o r m  pu lses  o f  2 psec w i d t h  
w i t h  t h e  same ampl i tude.  These narrow pu lses  go t o  a 
Nuc lear  Data Pu lse  He igh t  Analyzer  (Model ND-110, 1 2 8  
Channel Ana lyze r )  16, which d i s t r i b u t e s  t h e  pu lses  i n t o  
1 2 8  channels.  When an a n a l y s i s  i s  completed, t h e  
d i s t r i b u t i o n  o f  p u l s e  ampl i tudes  is s t o r e d  on magnet ic  
tape. The d i s t r i b u t i o n s  can be p l o t t e d  u s i n g  v a r i o u s  
n o r m a l i z i n g  procedures.  The coun t  ra te ,  t h e  o u t p u t  of 
t h e  main a m p l i f i e r ,  and t h e  p u l s e  h e i g h t  ana lyze r  
memory a r e  mon i to red  as shown i n  F i g .  1. 
~, 
The ins t rumen t  has been eva lua ted  m a i n l y  w i t h  
human r e d  b l o o d  c e l l s  ( e r y t h r o c y t e s )  f r o m  b l o o d  samples 
o b t a i n e d  f rom the  S t a n f o r d  H o s p i t a l  C 1  i t i i c a l  
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Laboratories. Thus clinical and other laboratory data 
are available on these blood samples, including the 
mean cell volume (MCV)  determined by the Coulter 
Counter Model S1. The blood is collected in Vacutainer 
f 3 - D 1 7  tubes with an approximate d r a w  o f  7 rnl and an 
add i t ive of 7 m.2 EDTA (d i sod i urn 
e t h y l e n e d i a m i n e t e t r a a c e t a t e )  to prevent coagulation. 
Five pliters of this blood are diluted in twenty m l  of  
Tris-buffered saline (0.01 M Tris , pH=7.5, in 0.15 M 
NaC1). The dilution is not critical because we are only 
interested in relative numbers. The count rate is 
adjusted by varying the reservoir head pressures to 
keep coincidence peaks to a negligible fraction. Our  
18 
standard flow rate is approximately 2000 cells per 
second. Blood taken from the technician who operates 
t h e  machine is used as a standard to insure 
reproducibility of operation. The assumption that the 
MCV o f  the technician's blood will remain essentially 
constant from day to day under normal conditions is 
supported by the data of Brittin et a1 . 19 
The relationship of the pulse height to the volume 
o f  the cell being measured has been treated in many 
various derivations, and although some of the approxi- 
mations made in these calculations are somewhat ques- 
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t i o n a b l e ,  t hey  a l l  come t o  e s s e n t i a l l y  t h e  same r e s u l t  
f o r  r i g i d  spheres: 
(P’ - p*> /p2  = 1.56 
where p2 i s  t h e  r e s i s t i v i t y  o f  t h e  o r i f i c e  c o n t a i n i n g  
no p a r t i c l e ,  6 i s  t h e  r a t i o  o f  t h e  volume of t h e  c e l l  
p a r t i c l e  t o  t h e  volume o f  t h e  o r i f i c e ,  and P ’  is t h e  
r e s i s t i v i t y  of t h e  o r i f i c e  c o n t a i n i n g  a p a r t i c l e ,  The 
major  assumptions i n v o l v e d  i n  t h i s  r e s u l t  a r e  t h a t  
6 < < 1  and t h a t  p2<<pI where p1 i s  t h e  r e s i s t i v i t y  o f  t h e  
p a r t i c l e .  Gregg and S t e i d l e y  *‘ have conducted model 
measurements which s u p p o r t  t h e  above e q u a t i o n  
reasonably  w e l l ,  and they  a l s o  f u r n i s h  d a t a  i n d i c a t i n g  
t h a t  p1/p2  i s  on t h e  o r d e r  o f  1 0  ,. For e r y t h r o c y t e s  i n  
our o r i f i c e ,  t h e  v a l u e  of 6 i s  around 
4 
’ <. U n f o r t u n a t e l y ,  e r y t h r o c y t e s  a r e  n o t  r i g i d  spheres, 
b u t  b iconcave disc-s. E l e c t r i c a l  c u r r e n t  f l o w  1 i nes  w i l l  
n o t  f o l l o w  f l a t  (much l e s s  concave) s u r f a c e s  t h a t  a r e  
normal t o  t h e  f l o w  o f  c u r r e n t .  Th i s  means t h a t  i f  a 
d i s c  i s  f l o w i n g  w i t h  i t s  a x i s  o f  symmetry p a r a l l e l  t o  
t h e  a x i s  o f  t h e  o r i f i c e ,  i t  w i l l  g i v e  a s i g n a l  t h a t  i s  
o r  3 , times l a r g e r  o f  t h e  o r d e r  o f  1 - 1 / 2  , 2 
than t h a t  o f  an e q u i v a l e n t  volume sphere. I f  t h e  d i s c  
f l o w s  edge-on th rough  t h e  o r i f i c e ,  t h e  s i g n a l  is equal 
t o  , o r  0.8 of , t h a t  o f  a sphere: of equal volume. 
Gregg and S t e i d l e ~ ~ ~  s t a t e  t h a t  exper imen ta l  evidence 
4,22 24 1 4  
22 4 
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i n d i c a t e s  t h a t  f o r  e r y t h r o c y t e s  t h e  e q u a t i o n  shou ld  be 
because o f  t h e  d i s c ’ s  rounded edges. 
We decided t o  do t h e  day-to-day C a l i b r a t i o n  o f  o u r  
i n s t r u m e n t  u s i n g  t h e  nominal MCV’s o f  a few normal 
b l o o d  samples, as determined by t h e  C o i i l t e r  Counter 
Model S . By p l o t t i n g  t h e  mean s i g n a l  f r o m  ou r  machine 
a g a i n s t  t h e  M C V  f rom t h e  C o u l t e r  Counter f o r  t h e  same 
b l o o d  samples and d raw ing  a s t r a i g h t  l i n e  th rough  t h e  
p o i n t s ,  we can c a l i b r a t e  o u r  o u t p u t .  The C o u l t e r  
Counter Model S has been shown t o  be r e p e a t a b l e  i q  i t s  
measurements , and, l a c k i n g  any o t h e r  standard, we 
1 
19 
have f a l l e n  back on i t  t o  g i v e  us c a l i b r a t i o n  w i t h o u t  
r e s o r t i n g  t o  t h e  somewhat u n c e r t a i n  c a l c u l a t i o n s .  
’ I- I f  t h e  c e l l s  had a random o r i e n t a t i o n  as t h e y  
t r a v e r s e d  t h e  o r i f i c e ,  one would expect  a v e r y  b road  
volume d i s t r i b u t i o n .  B u l l  has r e p o r t e d  changes i n  t h e  
shape o f  t h e  volume d i s t r i b u t i o n s  when t h e r e  a r e  
d i s t u r b a n c e s  o f  t h e  f l o w  p a t t e r n  around t h e  o r i f i c e  
( t u r b u l e n c e ) .  P o s s i b l e  causes f o r  t h i s  e f f e c t  c o u l d  be 
t u m b l i n g  o f  t h e  c e l l s  i n  t h e  o r i f i c e  o r  i n t e r a c t i o n s  
w i t h  inhomogenei t ies of  t h e  e l e c t r i c  f i e l d  i n  t h e  
o r i f i c e .  An a n a l y s i s  of t h e  hydrodynamic f i e l d  i n  t h e  
C o u l t e r  o r i f i c e  was made by Grover - -  e t  a f 3 . They show 
t h a t  t h e  co re  r e g i o n  o f  quiescent,  i r r o t a t i o n a l  f l o w  
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has a r a d i u s  g r e a t e r  t han  h a l f  t h e  o r i f i c e  r a d i u s  f rom 
t h e  o r i f i c e  mouth t o  a p p r o x i m a t e l y  4 o r i f i c e  r a d i i  
downstream. The i n n e r  s t ream i n  o u r  machine has a 
r a d i u s  l e s s  than 1/4 t h e  o r i f i c e  rad ius,  and t h e  
o r i f i c e  l e n g t h  i s  o n l y  3 - 1 / 3  o r i f i c e  r a d i i  so t h e  c e l l s  
remain i n  t h e  c o r e  d u r i n g  t h e  o r i f i c e  passage. S ince  
t h e  c o r e  i s  i r r o t a t i o n a l  and s i n c e  t h e  c e l l s  a r e  i n  t h e  
o r i f i c e  f o r  o n l y  about 1 0  psec, t h e y  shou ld  pass 
th rough  t h e  o r i f i c e  o r i e n t e d  t h e  way t h e y  e n t e r e d  i t .  
S ince  o u r  volume d i s t r i b u t i o n s  f o r  norma? b l o o d  (Figs. 
3 and 4 )  a r e  n o t  wide, t h e  c e l l s  may go th rough  t h e  
o r i f i c e  i n  a p r e f e r r e d  o r i e n t a t i o n .  I f  some shear is  
assumed a t  t h e  t i p  of  t h e  g l a s s  n o z z l e  which i n j e c t s  
the c e n t r a l  stream, t h e  e r y t h r o c y t e s  might  o r i e n t  
edge-on and thus be measured t h a t  way. Another 
e x p l a n a t i o n  advanced by T h ~ m  Kt d suggests t h a t  
u n f i x e d  c e l l s  a r e  d i s t o r t e d  b y  hydrodynamic f o r c e s  a t  
4 
t h e  o r i f i c e  t o  a g e n e r a l l y  u n i f o r m  shape, r e g a r d l e s s  o f  
o r i e n t a t i o n .  The sharpness of o u r  d i s t r i b u t i o n s  
i n d i c a t e s  a mechanism something l i k e  these  occurs.  
RESULTS AND D I SCUSS I ON 
F i g .  3 shows 3 c o n s e c u t i v e  analyses of t h e  same 
b l o o d  d i l u t i o n  ( t y p i c a l  o u t p u t s  f o r  normal human 
p e r i p h e r a l  b l o o d ) .  The s h o r t - t e r m  p r e c i s i o n  o f  o u r  
i n s t r u m e n t  i s  e x c e l l e n t ;  t h e  t h r e e  d i s t r i b u t i o n s  
p l o t t e d  t o g e t h e r  c o u l d  be m is taken  f o r  a s i n g l e  
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distribution. The small peak at the very small-volume 
end of the graph i s  due to system electrical noise. For 
normal blood, the shape o f  the distribution i s  
reasonably symmetrical with a small tail (a few 
percent) of larger signals. A variability of the width 
of blood distributions for normal patients was 
observed. Present data are insufficient to state 
whether this was due to differing periods of storage at 
room temperature or due to actual biological 
differences. Fig. 4 shows 2 analyses of normal blood 
made an hour and 45 minutes apart, during which time 5 
other blood samples were each analyzed 3 times. This 
figure shows the longer-term precision obtainable on 
this instrument. Figs. 3 ,  4, 6, and 9 are the actual 
output of our system. Figs. 5, 7, 8, and 11 are traced 
from- the outputs so that the individual distributions 
can be told apart. 
In contrast to the symmetrical nature of normal 
blood distributions, Fig. 5 shows the volume 
distribution of blood from a patient with 
reticulocytosis (a disease characterized by an 
abnormally large population of immature erythrocytes 
which seem to be larger than mature cells) and of blood 
from a normal patient, Normal i nci dence of 
reticulocytes is about 0.8%, but patient B had 26% o f  
his blood cells as reticulocytes, As can be seen, 
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distribution B has a strong departure from normality, 
with a pronounced shoulder of larger cells. The 
shoulder appears to contain more than 26% o f  the cells. 
The volume distributions of 3 different patients 
are shown in F i g .  6. The nominal MCV's o f  patients A, 
B, and C, as given by the Coulter Counter Model S ,  are, 
respectively, 75 1 . 1 ~  , 101 1.1 , and 7 7  v . It i s  obvious 
that there are two cell populations in distribution C. 
Investigation disclosed that the patient had received a 
massive transfusion, and we were seeing the two 
3 3 
populations which were averaged together by the Coulter 
Counter. Patients A and B are included to show the 
range o f  volumes usually seen. Their respective M C V ' s  
lie just outside the outer bounds of the normal range. 
Thus a large range of cellular volumes are easily 
measured, and the gain can be varied to look at even 
smaller or larger cells. 
Equation 2 shows that 
Multiplying top and bottom o f  the left side of the 
equation by L / A ,  where L is the length, and A, the 
cross-sectional area, of the orif ice, and rearranging, 
we get the resistance 
. /  
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2 AR = Lp26/A = Lp 6 / n r  e 2 
If v is the volume of the cell and r is the radius of 
the.orifice, then 6 = v/nr2L, and 
2 4  AR,= p2v/n  r 
Using Ohm's Law for a current source 
AV = I ( A R )  
2 4  the s igna l  AV = I p 2 v / n  r . (Eq. 3 )  
Although the use of smaller orifices could greatly 
increase signal strength, the variation of signal 
amplitude caused by even a slight deposition of debris 
on the orifice is relatively much greater i n  smaller 
orifjces. As can be seen from the simplified 
development above, the variation in signal for a given 
cell is inversely proportional to the fifth power of 
the radius of the orifice I a (signal)/ar= 
l/r 1 .  The orifice must be kept clean for reproducible 5 
operation. In addition, clogging becomes more of a 
problem with very small orifices. The buffer solution 
Is pre-filtered through a 0.45 1-I Millipore f i 1 ter, 
and the cell suspension passes through a 400-mesh 
26 
stainless steel filter again on its way to the head. 
The pressurizing air is not filtered. Normal 
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h y d r o c h l o r i c  a c i d  i s  run through t h e  system every day 
b o t h  t o  remove c l i n g i n g  c e l l  d e b r i s  and o x i d e s  and t o  
g e t  r i d  o f  t h e  f e r r i c  h y d r o x i d e  p r e c i p i t a t e  which forms 
f rom t h e  e l e c t r o l y s i s  of t h e  s t a i n l e s s  s t e e l  t u b i n g  
used t o  make e l e c t r i c a l  c o n t a c t  w i t h  t h e  s o l u t i a n .  I t  
has been found necessary t o  remove t h e  o r i f i c e  
assembl i e s  and c l e a n  them i n  an u l  t * r a s o n i c  c l e a n e r  once 
o r  t w i c e  a day s i n c e  t h e  a c i d  i s  n o t  s u f f i c i e n t .  I f  t h e  
cu rve  o f  t h e  s tandard  b l o o d  d r i f t s ,  t h e  o r i f i c e  
assembl ies a r e  c leaned w i t h  u l t r a s o u n d .  F o l l o w i n g  these  
procedures t h e  d r i f t  can be h e l d  t o  a few pe rcen t  (see 
F i g .  4). 
Bubbles cause problems i n  t h i s  system. Pass ing an 
e l e c t r i c  c u r r e n t  through a s a l i n e  s o l u t i o n  produces. 
bubbles o f  hydrogen and c h l o r i n e  a t  t h e  e l e c t r o d e s .  The 
t i n y - b u b b l e s  of c h l o r i n e  pass ing  th rough  t h e  o r i f i c e  
cause s p u r i o u s  s i g n a l s ,  b u t  t h e  number i s  much s m a l l e r  
than t h e  c e l l  count.  Large bubbles must be removed f rom 
t h e  upper chamber t o  achieve good s i g n a l s .  Large 
bubbles i n  t h e  lower  chamber can be t o l e r a t e d  as l o n g  
as t h e y  do n o t  cover  t h e  e l e c t r o d e  o r  encroach t o o  
c l o s e l y  on t h e  o r i f i c e s .  A bubble s i t t i n g  on t h e  j e w e l  
c o m p l e t e l y  i n t e r f e r e s  w i t h  t h e  s i g n a l s  and must be 
f l u s h e d  away f o r  t h e  a n a l y s i s  t o  c o n t i n u e .  
The system i s  q u i t e  s e n s i t i v e  t o  t h e  compos i t i on  
o f  t h e  suspending medium. F i g .  7 and Fig. 8, 
. -  
-14- 
respectively, show red blood cell volume distributions 
from a patient with reticulocytosis and from a normal 
patient, analyzed with 4 different media in the inner 
stream and ISOTON (Coulter Diagnostics, Inc.) in the 
outer stream. On both figures, the far left distribu- 
tion was analyzed with ISOTON in the center stream; the 
next distribution was analyzed with- a 1:9 (v/v) mixture 
of I S O T O N  and O.S%sodium chloride (saline); the third 
distribution was analyzed with 0.9% sodium chloride, 
0.01M phosphate, pH 7 . 0  (PBS); and that on the right 
was analyzed using saline. The conductivity of ISOTON 
is greater than that of saline, suggesting it is 
hypertonic. This would explain some o f  the differences 
shown in the figures, since a hypertonic solution would. 
1 
cause the cells to shrink somewhat and would g i v e  
smaller signals for this reason and also because of the 
lower resistivity of the medium itself (see Eq. 3 ) .  
More data on the effect of different buffers on the 
output of our system can be seen in Fig. 9. The blood 
is from the same reticulocyte patient shown before. The 
abnormal blood samples seem to be more affected by the 
different treatments than the normal samples. The 
large-volume shoulder is much more evident in 
distribution B, analyzed In saline, than in 
distribution A, analyzed i n  ISOTON. 
F i g .  9 also shows that the distribution o f  the 
-15 -  
blood analyzed 5 days after being drawn (C) has a 
greater variance than that analyzed only 1 d a y  after 
being drawn (81, even though the blood was stored on 
ice or in the refrigerator. The blood samples from the 
clinical laboratories were' left at room temperature for 
several hours before being refrigerated. Following such 
treatment the distributions (even' of normal blood) 
often exhibit a greater variance after a few days, The 
standard blood, which is kept cold from the minute it 
i s  drawn, maintains its original distribution more 
closely. This finding is substantiated by the study of 
Brittin kt alZ7. They showed that storage f o r  2 4  hours 
at room temperature causes the MCV of EDTA-treated 
c c  
blood to increase by about 3 % ,  while storage for 24. 
hours in the refrigerator causes no change in the MCV. 
*-Our choice of  0.01 M Tris18-buffered saline 
avoided a possible effect o f  high effect of high 
phosphate concentration on the cells (ISOTON appears to 
be a phosphate-buffered solution). Stock solution of 
Tris (0 .1734 M Tris is isotonic at pH = 7.5) is diluted 
to 0.01 M Tris with saline. All stock solutions are 
routinely stored in the refrigerator to minimize 
evaporation losses and to inhibit bacterial growth. 
Fig, 10 is a study o f  the linearity of the mean 
signal from the impedance analyzer versus the MCV 
indicated by the Coulter Counter Model S .  Equation 3 
-16- 
Predicts a linear relationship between signal amplitude 
and cell volume for a given orifice and suspending 
medium. The figure shows that, within the range of 
volumes in which we are interested, the output o f  our 
instrument i s  reasonably 1 inearly related to the volume 
of the cells. 
The standard Coulter orifice produces volume 
distributions for normal erythrocytes which have 
substantial positive skewness. A possible cause for 
this skewness could be inhomogeneities in the electric 
field near the boundaries of the orifice , Grover - et
- a1 23 published a very elegant derivation for the 
electric field inside the orifice and showed that the 
orifice should be longer than it is wide to obtain a 
14 
uniform field in at least part of the orifice, They 
also..show that in an annulus between 0.81- and r (where 
- 
r is the radius of the cylindrical orifice), the 
electric field is higher at the two ends o f  the orifice 
than the uniform field in the center of the orifice. 
Model measurements conducted by Thorn et A, using an 4 
electrolytic tank, substantiate this derivation very 
clearly. A pulse produced b y  a cell traveling close to 
. I  
the wall of the orifice is saddle-shaped due to the 
higher fields at the entrance and exit of the orifice, 
thus tending to cause positive. skewness of the 
distribution. The model studies indicate that the 
-17- 
annulus containing the higher fringing fields is 
between 0.6r and r, which agrees closely with the 
calculations. 
If the outer flow i s  turned off in our system, 
leaving just the inner flow running, it approximates 
the conditions in the Coulter orifice, and the curves 
obtained are considerably skewed from the normal nearly 
symmetrical distributions obtained from the co-axial 
sheath flow mode, These differences are shown in F i g .  
11 where distribution A represents a normal blood 
sample analyzed under normal sheath flow conditions, 
distribution 5 represents the same blood analyzed 
without the outer flow (at 0.1 the concentration o f  
cells to provide equivalent cell flow rates), and 
distribution C represents the same blood analyzed in 
the Coulter Counter Model B at the appropriate 
concentration t o  give the same cell flow rate, The 
signals from the Coulter Counter were fed into the peak 
follower and the pulse-height analyzer t o  obtain the 
distribution. All three distributions were produced 
using Tris-buffered saline. The distributions in this 
- 
1 
figure were normal ized such that there are equal areas 
beneath each curve. Thus the height of the main peak i s  
a function of  the sharpness of the distribution. In 
distributions B and C, the cells are not constrained to 
the center of the orifice. Since almost 3 / 4  of the 
-18- 
o r i f i c e  c r o s s - s e c t i o n  has h i g h e r  f r i n g i n g  f i e l d s  near 
t h e  e x i t  and entrance, most c e l l s  w i l l  be g i v e n  
a r t i f i c i a l l y  l a r g e  p u l s e  amp l i t udes  due t o  these  
f i e l d s .  Thus one would expect  a genera l  s h i f t  t o  t h e  
r i g h t ,  t o g e t h e r  w i t h  a l a r g e  t a i l  o f  l a r g e r  s i g n a l s ,  
caused b y  those  c e l l s  v e r y  near  t h e  walls o f  t h e  
o r i f i c e ,  and perhaps random o r i e n t a t i o n s  o f  t h e  c e l l s  
themselves. I n  d i s t r i b u t i o n  A t h e  c e l l s  a r e  c o n s t r a i n e d  
t o  w i t h i n  about 0 . 2 r  o f  t h e  o r i f i c e  ax i s ,  and t h e  l a r g e  
t a i l  i s  a lmost  c o m p l e t e l y  absent. The o u t e r  streams o f  
d i s t r i b u t i o n s  A and B d i f f e r  i n  composi t ion,  b u t  o n l y  
b y  about 1 p a r t  blood plasma i n  40,000 p a r t s  
T r i s - b u f f e r e d  s a l i n e ,  and the  i n n e r  streams d i f f e r  by 
about 9 p a r t s  i n  40,000. 
S ince  t h e  impedance a n a l y z e r  c o n f i n e s  t h e  c e l l s  t o  
t h e  c e n t e r  o f  t h e  o r i f i c e  where t h e  e l e c t r i c  f i e l d  i s  
much more un i fo rm and where t h e r e  i s  l e s s  turbulence,  
i t  shou ld  be a b l e  t o  d e t e c t  s m a l l  anomalous p o p u l a t i o n s  
o f  c e l l s  i n  a b l o o d  sample. The skewness o f  t h e  
19 
s t a n d a r d  C o u l t e r  o r i f i c e  i s  q u i t e  c o n s t a n t  and g i v e s  
a r e p e a t a b l e  nomin-a1 MCV.  However, i t s  r e s o l u t i o n  i s  
hampered by t h e  problems ment ioned above. Our 
i n s t r u m e n t  i s  r e l a t i v e l y  s i m p l e  t o  c o n s t r u c t ;  t h e  o n l y  
p r e c i s e  workmanship r e q u i r e d  i s  i n  t h e  c o n s t r u c t i o n  o f  
t h e  head ( F i g .  2 ) .  I t  i s  a l s o  r e l a t i v e l y  easy t o  
operate,  r e q u i r i n g  l i t t l e  t e c h n i c a l  knowledge and 
-19- 
should find wide-spread use i n  the cl i n i c a l  laboratory. 
-20-  
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,; FIGURES 
Fig. 1: Block diagram o f  the volume analyser. 
Fig. 2: Diagram of the head. 
Fig. 3:  Three consecutive analyses of the same dilution 
of normal blood to show the precision of the 
instrument. 
Fig. 4: Two volume distributions.of the same normal 
blood. The two analyses were separated by an hour 
and forty-five minutes, during which time 
several other blood samples were analyzed. 
Fig. 5 :  Two volume distributions from different patients. 
Distribution A is from a normal patient; Distri- 
bution B is from a patient with reticulocytosis 
(large numbers o f  immature erythrocytes). 
Fig. 6: Three volume distributions from different patients. 
<- 
Distributions A and B are from patients who are, 
respectively, somewhat microcytic a n d  somewhat 
macrocytic. Distribution C i s  from a patient who 
had had a massive transfusion, and the two popula- 
tions are clearly evident. 
Fig. 7:  Four distributions from the same reticulo- 
cytosis patient, but analyzed with different 
media in the inner stream: A - I S O T O N ;  B - 9 
parts saline, 1 part ISOTON; C - PBS; D - saline. 
- 2 4 -  
Fig. 8: Four distributions from the same normal patient, 
but analyzed with different media in the inner 
stream: A - IS0 ON; B - 9 parts saline, 1 part 
ISOTON; C - PBS; D - saline. 
Fig. 9 :  Three distribut ons from a reticulocytosis 
patient analysed with different media in the inner 
stream: A - ISOTON, 1 day after the blood was 
drawn; B - saline, 1 day after being drawn; C - 
saline, 5 days after being drawn. Compare A and 
B for media difference, and B and C for storage 
time difference. 
Fig. 10: A graph of the channel number corresponding to 
the mean signal measured from our data versus 
the MCV as determined by the Coulter-S. 
Fig. 11: Three distributions o f  the same normal blood 
- 
analyzed in three different ways. A - co-axial 
flow, in our instrument; B - no outer flow, in our 
instrument; and C - in Coulter Counter Model B. 
The three graphs are normal ized with respect to 
area under the curves. 
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